Marshall-Stickler syndrome represents a spectrum of inherited connective tissue disorders affecting the ocular, auditory, and skeletal systems. The syndrome is caused by mutations in the COL2A1, COL11A1, COL11A2, COL9A1, and COL9A2 genes. In this study, we examined four Turkish families with Marshall-Stickler syndrome using whole-exome sequencing and identified one COL2A1 mutation and three COL11A1 mutations. Two of the COL11A1 mutations were novel. Our findings expand our knowledge of the COL11A1 mutational spectrum that causes Marshall-Stickler syndrome.
Marshall and Stickler syndromes are clinically variable and genetically heterogeneous. Based on the causal genes, Stickler syndromes are classified into five different subtypes: type I (STL1; MIM 108300), type II (STL2; MIM 604841), type III (STL3; MIM 184840), type IV (STL4; MIM 614134), and type V (STL5; MIM 614284). STL1, STL2, and STL3 are autosomal dominant disorders caused by mutations in the COL2A1 (MIM 120140), 4 ,5 COL11A1 (MIM 120280), 6, 7 and COL11A2 genes (MIM 120290), 8, 9 respectively. STL4 and STL5 are autosomal recessive disorders caused by mutations in COL9A1 (MIM 120210) 10, 11 and COL9A2 (MIM 120260), 12 respectively. Marshall syndrome (MIM 154780) and STL2 have the same causal gene, COL11A1, 13, 14 and are considered to constitute an identical clinical spectrum. 6 In this study, we conducted whole-exome sequencing and identified two novel and one recurrent COL11A1 splice-site mutations, and one recurrent COL2A1 mutation in four unrelated Turkish patients with the Marshall-Stickler syndrome spectrum.
The study protocol was approved by the Ethics Committee of RIKEN and participating institutions, and informed consent was obtained from all participants. The clinical manifestations are described below and summarized in Table 1 . More detailed information is available in Supplementary Material. Patient 1 from Family A was a baby boy who was referred to our genetics clinic because of his familial degenerative myopia, mild deafness, and mild hypermobility. He is the younger child of a non-consanguineous couple who had two children (Supplementary Figure S1 ). After birth, he presented with severe hypotonia and contractures of the hands. Physical examination at 1.5 years of age revealed that his weight was 12.6 kg (50-75th percentile), height 84 cm (75-90th percentile), and occipital frontal circumference (OFC) 48.2 cm (50th percentile). He had a mildly depressed nasal bridge, mild micrognathia, hypermobility of the finger joints, and phimosis (Figure 1a,b) . Eye examination revealed degenerative myopia (−5.75/ − 5.25) and tigroid retinae. He had mild hearing loss (10 dB, mixed type).
Patient 2 from Family B was a newborn girl who was referred to the genetics clinic because of her Pierre Robin sequence (the triad of micro-retrognathia, cleft palate, and glossoptosis). She was the only child of unrelated healthy parents (Supplementary Figure S1) . The first physical examination at the age of 1 month revealed that her weight was 3,080 g (10-25th percentile), length 49 cm (10-25th percentile), and OFC 35 cm (10-25th percentile). She presented with a flat face with a depressed profile, buphthalmic eyes, hypertelorism, bilateral epicanthus, depressed nasal bridge, short stubby nose, and Pierre Robin sequence (Figure 1c) . She also had axial hypotony and pectus excavatum. Echocardiography revealed atrial septal defect (ASD). Strabismus, myopia, and megalocornea (corneal diameter 11 mm/11 mm) were followed later with growth retardation and deafness, which needed ear tube insertion. Her height fell under the third percentile at age 4 years.
Patient 3 from Family C was a baby girl who was referred to us because of cleft palate, deafness, and facial dysmorphism. She was born as the second child of a Turkish family consisting of nonconsanguineous parents and a healthy elder boy (Supplementary Figure S1 ). Cleft palate was recognized at birth, and deafness was observed at the age of 4 months. When she was first examined at the age of 9 months, she had a very flat face with frontal bossing, buphthalmic eyes, midfacial hypoplasia, flat nasal bridge, hypoplastic depressed short nose with anteverted nares, long philtrum, cleft palate, bifid uvula, small mouth and chin, and micro-retrognathia (Figure 1f,g ). Audiological evaluation confirmed severe sensorineural deafness bilaterally. Eye examination revealed tigroid retinae, 10.5 mm corneal diameter, and 11 mmHg intraocular pressure. Her follow-up examination at the age of 9 years revealed that her weight was 21.5 kg (3rd-10th percentile), height 113 cm ( o3rd percentile), and OFC 51 cm (2nd-50th percentile). Her main problems were large proptotic eyes, long palpebral fissures, degenerative high myopia (−22/ − 22), cone dystrophy (detected by electroretinography), retinal pigmentation, right cataract, deafness (wearing a hearing aid), high-frontal area, depressed nasal bridge, hypoplastic short nose, repaired cleft palate, irregular teeth order, long philtrum, micrognathia, short stature, small hands with brachydactyly, and dry rough hairs (Figure 1h-j) .
Patient 4 from Family D was an 8.5-year-old boy who suffered from high myopia, deafness, short stature, and facial dysmorphism. His consanguineous parents and his elder brother were healthy (Supplementary Figure S1) . The prenatal and postnatal course were uneventful. Physical examination at the age of 8.5 years revealed that his weight was 32.5 kg (75-90th percentile), height 122 cm (10th percentile), and OFC 57 cm (97th percentile). He had macrocephaly, flat face with midfacial COL11A1 and COL2A1 in Marshall-Stickler syndrome L Guo et al hypoplasia, mild frontal bossing, depressed nasal bridge, short nose, anteverted nares, proptotic eyes, severe myopia (−17/ − 17), glaucoma with 14 mmHg intraocular pressure, bifid uvula, sensorineural deafness, and short hands with brachydactyly (Figure 1d,e) . Whole-exome sequencing was performed as previously described (Supplementary Methods, Supplementary Table S1) . [15] [16] [17] [18] The identified variants were confirmed by Sanger sequencing. We identified three heterozygous variants in COL11A1 (NM_001854: c.1845+1G4A, c.2808+1G4C, c.3816+1G4A) and one heterozygous variant in COL2A1 (NM_001844: c.2710C4T) in the four unrelated patients, respectively. COL11A1 and COL2A1 mutations are known to cause Marshall-Stickler syndrome. [4] [5] [6] [7] No potential mutations in any known disease genes, including other disease genes of Stickler syndrome (COL11A2, COL9A1, and COL9A2), were identified. 4, 5 By Sanger sequencing, we confirmed the variants in the patients. We also verified that c.2808+1G4C, c.3816+1G4A and c.2710C4T are de novo variants due to their absence in the patients' parents' genomes (Supplementary Figure S2) . c.3816+1G4A 13 and c.2710C4T 19 are recurrent mutations in the Marshall-Stickler syndromes and have been annotated in The Human Gene Mutation Database (HGMD) as mutations (CS982120 and CM980396, respectively). By contrast, both c.1845+1G4A and c.2808+1G4C have not been deposited in any available public databases, including dbSNP, 1,000 genomes, ExAC, ESP6500, and HGMD. Similar to the known mutation c.3816+1G4A, both of the novel variants also located at splice donor sites of the intronic sequences of COL11A1 (intron 18, 36, and 50, respectively; Supplementary Figure S2) . According to the GT-AG rule, the two novel variants would certainly disrupt the donor-site motifs. Several in silico splice-site prediction programs indicated that the donor splice sites around these variants disappeared or were weakened greatly, suggesting aberrant splicing (Supplementary  Table S2 ). Thus, the two novel splice-site variants in our study would be pathogenic mutations. Until now, more than 20 splicesite mutations in COL11A1 related to Marshall-STL2 Stickler syndrome have been reported. Our results will further expand our knowledge of the mutational spectrum of the COL11A1 gene.
The characteristics of Marshall-Stickler syndrome spectrum caused by COL11A1 are different from those caused by COL2A1.
14
The most important aspects of the differential diagnosis are that the patients with COL11A1 mutations more commonly had severe hearing impairment than those with COL2A1 mutations. In addition, the patients with COL11A1 mutations seldom had vitreoretinal degeneration and retinal detachment compared with the high incidence in those with COL2A1 mutations.
14 However, in our study, Case 4 with COL2A1 mutation presented with severe hearing impairment; Cases 1 and 3 with COL11A1 mutations had retinal detachment and/or retinal degeneration to a certain extent. Additionally, Marshall-Stickler syndrome caused by COL11A1 is considered to have a higher incidence of midfacial hypoplasia than that caused by COL2A1.
20 By contrast, Case 1, who carries a novel mutation in COL11A1, not only manifested very mild hearing loss and severe retinal detachment but also showed a nearly normal facial appearance. All of the clinical characteristics of Case 1 are compatible with the common phenotypes caused by COL2A1 but not COL11A1. The contradictory manifestations in our patients suggest a more complex genotype-phenotype association than previously reported. The highly overlapping phenotypes of STL1 and STL2 are reasonable because of the structural nature of the collagen molecules. COL2A1, COL11A1, and COL11A2 encode each of the three alpha chains. These alpha chains are finally assembled into one protein, type XI collagen characterized by triple helix.
Molecular genetic analysis is necessary for confirming the clinical diagnosis of patients with Marshall-Stickler syndrome spectrum due to the phenotypic variability. Candidate gene-based screening by Sanger sequencing is usually laborious and time-consuming, particularly when applied to the analysis of multiple large genes, such as COL11A1 and COL2A1, which have more than 50 exons. In this study, we used whole-exome sequencing to identify the causal mutations in different collagen genes. The method based on next-generation sequencing seems to be highly effective in the molecular diagnosis of Marshall-Stickler syndrome. 
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